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Abstract: A non-equal-probability quadrature amplitude modulation (QAM) scheme was proposed based on constella-
tion point fission for visible light communication systems, in which the even-order non-equal-probability 68QAM (NEP-
68QAM) and odd-order NEP-69QAM constellations with source entropy of 6 were studied. Similar to the NEP-72QAM
constellation based on nonlinear encoding, both the NEP-68QAM and NEP-69QAM achieved a larger minimum Euclid-
ean distance than the equal-probability 64QAM constellation. However, the peak-to-average power ratio of NEP-
68QAM and NEP-69QAM was lower than that of NEP-72QAM, and they were easier to implement. Furthermore, an ex-
perimental demonstration was built to evaluate the performance of the two non-equal-probability constellations in the
practical visible light channel. When the nonlinear effect of the light emitting diode (LED) was weak, NEP-68QAM
achieved the lowest bit error rate due to the complete Gray coding. When severe nonlinear distortion of the LED ap-
peared, NEP-69QAM had the strongest anti-nonlinear capability and thus offered the best performance. Considering a bit
error rate threshold of 3.8x107, when the DC bias current was 150 mA, compared with the NEP-72QAM and 64QAM,
the peak-to-peak voltage (Vpp) operating range of the NEP-68QAM scheme increased by 7.8% and 31.7% respectively,
while the Vpp operating range of the NEP-69QAM scheme increased by 16.9% and 42.9% respectively.

Keywords: visible light communication, QAM, non-equal probability constellation, LED nonlinearity

WisBEER: 2025-08-15; fEEHER: 2025-10-09

BIEEE: FOM, xinyueguo@usst.edu.cn

EEWHE: EXERRAEE T H(No.61501296)

Foundation Item: The National Natural Science Foundation of China (N0.61501296)



511

R0 LSS AT WOGIBAS RGP T R AR S B R AIT 5 -323-

0 3|5

B 5G mMkAL R AR, T —fR6G B 5+,
AR AT T B0 RS 3l I 28 204l v T 4 K
P 0 25 WP &, 6G K TG
A, 7o M AR S B R, SR
R — R 2 BEE M %% . EILE =T, 380~
780 nm % K AT IO I AE BRI K, 4 PR
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2 Foft B e 357 DAA: 45 7 T 235 4 1) 2 JRE DR B AR TR AR
HORUE P S 4N R 2R, 5
SRR 64QAM A JEALL, FEHM 2 FhIES M E A
AN B A B K ) MED,  H & J ) PAPR B A% .
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MATR: %+ NEP-68QAM = 5, 246 bit [ b 4F4H
4000100, 100100, 100000, 000000 i, 43 5] LA
SRV IR LR 081, AR R H T
T4 LR 0; X4 T NEP-69QAM 15 5, 46 bit [{)

A

Fon it e i R AR IR AT ORI A, e
e ECRR B QAMAE 5 HBRSS, AL pli il 13 8 O
7B QAM {E 5. R 1IAE 2054 H T
NEP-68QAM 5 NEP-69QAM 1] bt 5 457 5 11y B 5

Et 4% 246 A4 111111, 101001, 101110, 011111, H A QAM £75 i AL b 7E MED IR BN 1 2614 F
110111 B, 43 5 PASERE AR BE WL I TSR EEARF 0 B T, 23], HAj NEECERAL .
H A LS 58It 4 LedR 0. E ER R R, SBIR2 FRARANAR N A 7 bit
T3 EEEHRSS . RIEE1ME2(c)  TUREER:, HEMNSE T AERIESEMEES, imn
*=1 NEP-68QAM Lt 43752 At
e He % HA e He e He
0.5+0.5j 1101100 -0.5+0.5j 0101100 -0.5-0.5j 0100100 0.5-0.5j 1100100
1.5+0.5j 1111100 -1.5+0.5j 0111100 -1.5-0.5j 0110100 1.5-0.5j 1110100
2.5+0.5j 1011100 -2.5+0.5j 0011100 -2.5-0.5j 0010100 2.5-0.5j 1010100
3.5+0.5j 1001100 -3.5+0.5j 0001100 -3.5-0.5j 0000100 3.5-0.5j 1000100
4.5+0.5j 1001000 -4.5+0.5j 0001000 -4.5-0.5j 0000000 4.5-0.5j 1000000
0.5+1.5j 1101110 -0.5+1.5j 0101110 -0.5-1.5j 0100110 0.5-1.5j 1100110
1.5+1.5j 1111110 -1.5+1.5j 0111110 -1.5-1.5j 0110110 1.5-1.5j 1110110
2.5+1.5j 1011110 -2.5+1.5j 0011110 -2.5-1.5j 0010110 2.5-1.5j 1010110
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1.5+3.5j 1111000 -1.5+3.5j 0111000 -1.5-3.5j 0110000 1.5-3.5j 1110000
2.5+3.5j 1011000 -2.5+3.5j 0011000 -2.5-3.5j 0010000 2.5-3.5j 1010000
0.5+4.5j 1001001 —-0.5+4.5j 0001001 -0.5-4.5j 0000001 0.5-4.5j 1000001
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AT 6 bit A AL Kk, 7F RS g, H %3  T[FEIEEEH MED 7 PAPR M 85EL S

7 DR UEHT 6 bit O] BET 24 B B o 3R 1 frow, ES MED PAPR /dB

NEP-68QAM 2 i i 52 Bl 52 4= (19 1% 5 e g5, {H 2 NEP-68QAM 03123 3.0102

R 2 H 25 I NEP-69QAM A 8 I AN g S B LU 4 2] NEP-69QAM 03123 29030

T 00 58 A T R DR T 770 8 55 4 B 0 2 350 C1QAM 0086 o

NEP-72QAM 0.3122 3.4108

Ko FEFENGR, HIAT QAMAE MM, R
HUAT 6 bit {5 BALEI AT o i TR — N ESEMRE S
XF BT 6 bit —EERIE S, DR, R R A
KT, NEP-68QAM F1 NEP-69QAM (K15 Y5 15 A
6 bit/ symbol.

2 fHE

AR SCE S i B ORI UE 2 M AR SRR AE
SHITERE. B T 2EMER 64QAM TR, ARSI
T HE T AR LR M gAY () NEP-72QAM J7 U433 4T %f
te, B 77 RS IR 54 6 bit/symbol. 73 51 H
TAFE B ZENRSE, XS HI TR
DR A — I 1E L SRAF 10, MED 2 B i g
PERER E B e bR, PAPR i1 & 2 BT LED JE£k 1t
1) 5 Z M RE SR AR -

F 3, 2B MED I PAPR 5 X435 A416)

MEDconst X, =X, l.zl,""K, n:l’...’K (1)

Bk
2

const = I;Eli?]’ =1, K 2)
Horp, BLIERRREEAINEESE, x Alx, 70 3R R
iR n A RS AR, KRR B R A
o T3 PR SRR R O o) R R R (A 2R
5 64QAM B i ;SR AR TR, 10 HARER S 7 T
FREGERY, DRI, 3 M AESEMEER B A MED AH LE
64QAM H A /NMEERIRF, HEATH MED #H[A
{272, fE & KEPAPR % f8 77 i, NEP-68QAM Fil
NEP-69QAM B 21 T 64QAM F1 NEP-72QAM, H.
NEP-69QAM [f 2 Ji PAPR 1% -
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etk X

Ltk X

Hif /A

IR HE
HIE/V 0 500 1000 1500 0 500 1000 1500 500 1000 1500 500 1000 1500
5 mis /A 5 mis /A 5 R A TS ms /A
(2) LEDfR—22 4k i 22 (b) 64QAMAE IR L (c) NEP-68QAMAE SHRE(EMIZ (d) NEP-69QAMfE S RMH % () NEP-T2QAM{E S i {H i £

4 AFEIEGT RS IR E X

Kl 43— 7R T LED fifk-% (V-I, volt-am-
pere) R 2R K AN [FR 1] 77 2 A5 5 IR AR ith 285k
FIEPAPR 5 LED JEZk MR B IR R . 7R WGIE
GRaY, KIEGESULHEE RS LED Hil i
SR HEAT A . W5 18] 4(a) s B9 LED AR - 2245 1
ih26l5), LED 3R 8f i & 5 1F [a) B o 2 1) 1) Ak 2k
KESIFE2MESHIAEINR: —MEIK3H
JEARTH 8 AT S BUE SHlR | 5—Ma
E LRV SN Sk Bl um e e B )
LR ML o A5 B HD 2 B AT DA I A 0 B O
BRI, (H2, BRI 1) A 28 P WS A AT
oo MURBNH R ST A R, R R R B
IE B S He B K, LED K% e shR 5 HiR
BRMRR. HIKSHEE EE, B R -2 hr
PEMIZBAELLIEX, BESHERAF2LERR,
ORGSO EAFT ELERR, KIHE5~
AR R

Kl 4(b)~ Bl 4(e)iX 4 P 7 R 1ME T IRME I E(E
SOPRThER N RN A3 E] . B PAPR s
55 A R R, AT S A SR R ) DK B L A
BOR, FELED TAETEARE M X M2 5 K.
WK 4 Frn, 64QAM [f) A J% PAPR i, HAG 5
WA R T A3 A R, mAE S AR
KRHE. BIRNEP-72QAM ] PAPR 4 K, {HIL
A5 5 LB A K. A B 64QAM Al NEP-
72QAM, NEP-68QAM F1 NEP-69QAM A& Ji& ¥ H
A ALK 5 &ME, JUH 2 NEP-69QAM A A &
i) PAPR .

Bl S ELEL T 4 FhAS [F) 2 BE (1R 755 % (SER,
symbol error rate) HfE. i E A, (RIS TE N m i
I RS (S, B B BIAS [R] 77 58 10 o e s 1k
A, TR BUAEZ R BRI AL
T, SERMEREFEEH MED ¥5E . T 3 FhIE& %

)5 % MED JL AR HI08 KT 64QAM J7 %,
M, BT SER MR tHAH[H, HJEE T 64QAM
S

N

10°F

105F | 7™ 64QAM

- & - NEP-68QAM
4 NEP-69QAM

—&— NEP-72QAM

10-6 1 1 1 I'|
23 24 25 26 27

¥ bL/dB
5 AEIEGTT R AR5 3L RR LU

2, Bl 6%t AN E A HE ) BER HERELL
. BERMERERIFE FEHR T MED, It4h, Eid
5755 2 LU Rr 8 B g 65 H 5% . NEP-72QAM.,
NEP-68QAM Hl 64QAM #f' it 52 IHL 76 4 (1) 4% 5 b,
WM X 3 Fh 77 E ) %5 5 SER 45 Rz . H 2
NEP-69QAM A fig ik 21| 56 4= [ 4% 75 g i, (At 7E
BERPERE_E & Frfiik. w6 frn, M{Ekttl
24 dB B}, NEP-68QAM F1 NEP-72QAM (] BER 4
Bt B 1 . B SR NEP-69QAM £ J ) MED K T
64QAM, {HZ KNk B dm il 1 25 (1 H 2%, X BER
PEREFN 64QAM EAZ . M{EMELL T 5152 26 dB I,
NEP-69QAM A Ji ff] BER V£ 68 IF 4R i#2 i 64QAM,
KUUERELL T & 5, F T g i 3G 28 450 2K a8 T %
ik, HMEDRAZRE HE . 29158 ik $] 27 dB
B, 3 FRAESEMEZR W 7 Rk Redeia, LT
64QAM £ i ,
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10¢||— ® —NEP-68QAM
4 NEP-69QAM
—&—NEP-72QAM

23 24

26 27

25
{7 b/dB
6 AR 7T FE AR IS A e AR

3 KIg

31 IEKRE

Jyidk— 4 P4 NEP-68QAM HI NEP-69QAM A
JEAE SR WO P ERe, LR EE AR
XFANIE] B RV RE B REME ,  ASCHE— B RE TR O
AL R RS, LR EMRGHERINE T
Jiose

NT AR E S PAPR, ASCERGINT
B RS B AR ey B IE 2 > 2 (DFT-S-
OFDM, discrete Fourier transform spread orthogonal
frequency division multiplexing) VAl H A . 78 K& I
B, SR TRk EORR R AT AR MR AE S R
SRIG AT M S BB AR e 2 5, AR O 4
NINZRFH ME RS BEAT [F 2 E Al . 2l
EREEE, W ST RO AR ERAE DLRIE LSS N
s PR L 3 AR 4 ) 2B ) DFT-S-OFDM {5 %5
M. 5, TEREAS DFT-S-OFDM 7 5 H il 47
UNCENIE DY 3 SR EnVE| SER e S Gl T
Bi. BB ERY it L I MATLAB #1158

RiE, BBELRESINERREURES (Tek-
tronix AFG3252C) P2 EHIfE S, HE S5 IERIK
K%  (Mini-Circuit ZHL-6A-S+) UK J& ¥ I B
fi® (Mini-Circuits ZFBT-4R2GWFT+), LL{RIF(E
SR, &G IR A S 55 LED (Cree
XLamp XP-E), ¥H G5 HHANES. HETE
EOEH 2R A% . FE B o B OO B R
(Hamamatsu C 12702-11) ¥ Y615 5 B i ¥ A
55, BEJE1EH R4 (Tektronix MDO4104C)
IR S, BENTENLTE RS L5 5 A F A 5 2
PERE T HT o

FEF, B SRS S T E S, A
ARG E. KRG, BRIGHETEMET T
KAE, I PR AR B AR A5 5 DB I3 46 22 40
o RS, RIS T FITERE TR T b —
FedE M I EE M T, FFHEEEIMEEE R R,
A, AfH B EOE B AR 6 58 B DFT-S-OFDM
G RIS HE AT RSl . B
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